Introduction
Due to progress in miniaturization in complementary metal-oxide-semiconductor (CMOS) fabrication technology, problems with conventional electrical interconnects, such as increasing the number of global layers and operation speed degradation, have become critical. Moreover, as the number of repeaters in an electrical interconnect is increased, the total power consumption must also be increased. Using optical interconnects instead of the electrical interconnects may solve the problem [1] . Small and low-power optical modulators on LSI chips are important for practical on-chip optical interconnects.
The modulators on LSI chips were developed to be compatible with the silicon CMOS fabrication technology. Recently silicon modulators using the carrier plasma effect were demonstrated [2] [3] [4] . Optical modulators using material with a high electro-optic (EO) coefficient [5, 6] were also demonstrated. However, the operation wavelength of the silicon modulators is limited over 1.2 m [7] .
To realize an optical modulator using high-EO-effect material and to be compatible with the backend process on CMOS fabrication technology, we previously developed Mach-Zehnder lanthanum-modified lead-zirconate-titanate (PLZT), (Pb, La)(Zr, Ti)O 3 , electro-optic (EO) modulators on a silicon substrate by using aerosol deposition (AD), which produced a 2-GHz optical signal [7] . In addition, we designed a PLZT EO modulator with a ring resonator [8] for a smaller and lower-power modulator compared with the MZ PLZT EO modulator.
In this paper, we have demonstrated 10-GHz operation Fig. 1 . Cross-sectional view of ring-resonator PLZT EO modulator structure [7, 8] .
of a PLZT EO modulator with a ring resonator formed on a silicon substrate for on-chip optical interconnects.
Device Structure Device Layer Structure
We adapted the device layer structure reported before [7, 8] as shown in Fig. 1 . We used a reversed ridge waveguide structure in which the lower cladding layer and the PLZT core layer was formed on the SiO 2 trench to reduce the influence of sidewall roughness during the etching process and to enhance the tolerance of patterning accuracy. We selected the 5% lanthanum and zirconium/titanium ratio of 30/70 as the PLZT composition to attain low loss and high EO coefficient at frequencies above 10 GHz [1] . The PLZT had a refractive index n of 2.4 and a dielectric constant  r of 400 to 500 in gigahertz frequency range. We selected as the upper-and lower-cladding layer material, a perovskite oxide with a refractive index of 2.2 and a dielectric constant of 150, which is nearer to that of PLZT than that of SiO 2 ( r =3.9). Therefore, an electric field was perpendicularly applied to the structure to increase the intensity of the electric field in the PLZT core layer. Figure 2 shows an overview microscope image of a PLZT EO modulator with a ring resonator. The optical waveguide structure consisted of a racetrack ring resonator and an input/output port. For the optical coupling between the ring and the input/output waveguide, a multimode interferometer (MMI) coupler was adapted instead of a directional coupler because of the enhancement of fabrication tolerance. The PLZT ridge width was 1.8 m, the radius of the ring resonator was 75 m, and the size of the MMI coupler was 36×4.8 m. The size of the ring resonator of the modulator was about 150×190 m. The length of the electrode was 272 m, which was half of the ring-resonator roundtrip length, and the width of the electrode was 10 m. Figure 3 shows optical transmission spectra of the PLZT EO modulator with the ring resonator in the wavelength region of 1550-1580 nm. The resonance depth was 14 dB at a resonance wavelength of 1566.9 nm. The 3-dB bandwidth of the resonance was 0.99 nm estimated from the spectra corresponding to a quality factor of 1580. We expected that this value was increased by the further decrease of the internal optical loss of the ring resonator. The free spectral range was 1.8 nm corresponding to the roundtrip length of the ring resonator.
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Transmission Spectra
Optical Modulation Measurement
Figures 4 (a) and 4 (b) show input electrical signal and output optical signal of the PLZT EO modulator with the ring resonator, respectively. When an optical CW light with a wavelength of around 1550 nm was injected into the PLZT EO modulator, the modulator produced an optical output signal. The 10-GHz input electrical signal from a synthesized signal generator was amplified by an RF amplifier and applied to the modulator using a RF probe. The peak-to-peak voltage of the input electrical signal was 12 V.
Conclusion
We developed a lanthanum-doped lead-zirconate-titanate (PLZT) electro-optic (EO) modulator with a ring resonator formed on silicon substrate by aerosol deposition. The size of the ring resonator of the modulator was about 150×190 m. A 10-GHz optical out put signal was produced by the PLZT EO modulator with the ring resonator at a peak-to-peak voltage of 12 V. The PLZT EO modulator with the ring resonator is expected to be a key technology for on-chip optical interconnection.
